Background: Many recent studies have highlighted the complex interaction between sleep duration, food intake and metabolic balance. Although a causal link is yet to be established, emerging evidence suggests that short sleep duration may alter the balance between energy intake and energy expenditure. Thus far, most research has focussed on the link between sleep duration and carbohydrate metabolism. The role of sleep duration in fat intake and vice versa remains relatively unknown. Objective: The aim of this analysis was to determine whether there exists a significant association between sleep duration and fat intake. Design: Data from 2828 adults living in Jiangsu province, China, collected during a national survey of nutrition and health conducted in 2002. Results: The analysis showed a statistically significant association between sleep duration and fat and carbohydrate intake but not protein or fasting blood glucose. Those who slept for less than 7 h a day had significantly higher (P ¼ 0.005) percentage of energy from fat intake than those who slept for 7-9 h per day. Analysis of the influence of high fat intake upon sleep demonstrated a trend to reduced sleep duration between the highest and lowest quartiles of fat intake (P ¼ 0.056). Conclusions: To our knowledge, this is the first data from a large cross-sectional study to show an association between decreased sleep duration and increased fat intake in humans. Given the trend towards decreased sleep duration in modern societies and the parallel obesity epidemic, the significance of this association warrants more research.
Introduction
Since the last half of the twentieth century, self-reported sleep duration has declined from 9 h per day in 1960 to approximately 7 h per day at the start of this century. 1 With greater demand to fit more work and leisure activities into our day, more than a third of young adults sleep for less than 8 h per night. 2 A corresponding increase in the prevalence of obesity in developed countries during this same time period 3 may not be coincidental. In fact, a number of cross-sectional epidemiologic studies have shown an association between sleep duration, obesity and body mass index (BMI) in children and adults, with many displaying a dose-response relationship. 4, 5 One large study of men and women in the United States found that those aged 32-49 years who slept for 5 h each night were 60% more likely to be obese compared with those who slept for 7 or more hours each night. 6 These associations seem to be confirmed in the few longitudinal studies to date. The Avon Longitudinal Study of Parents And Children showed that children who regularly slept for less than 10.5 h each night at 30 months were 45% more likely to be obese at 7 years of age. 7 In a 13-year prospective study involving young adults, regularly sleeping for less than 6 h per night was significantly associated with obesity at ages 27, 29 and 34 years. 8 Although many factors are implicated in the development of obesity, support for a causal mechanism between short sleep duration and obesity comes from a number of laboratory and epidemiologic studies. 5 There is emerging evidence that short sleep duration may alter the balance between energy intake and energy expenditure. Spiegal et al. 9 were one of the first to demonstrate that sleep restriction (4 h per night for six nights) is associated with large changes in metabolic and endocrine function that may contribute to the development of obesity, insulin resistance, diabetes and cardiovascular disease. The Wisconsin Sleep Cohort Study showed that the appetite suppressant hormone leptin was decreased and the appetite-stimulating hormone ghrelin increased significantly in those who regularly slept for 5 h each night compared with those who slept for 8 h after adjusting for a number of known confounders. 10 Further research confirms these findings and
shows that sleep restriction is also associated with changes in insulin, cortisol, growth hormone and interleukin-6, which may also contribute to metabolic dysfunction. 5, 11, 12 Moreover, alteration in appetite regulatory hormones and glucose metabolism observed in these studies was associated with increased appetite and, in particular, increased desire for energy-dense foods, both of which contribute to the development of obesity. The risk of developing obesity is further enhanced in the presence of sleep loss due to the increased opportunity for food intake. Furthermore, the balance of energy intake and energy expenditure that contributes to the development of obesity may be altered further following sleep loss if daytime sleepiness results in reduced physical activity. At the heart of the sleep-wake cycle and metabolism in all animals including humans is the circadian clock. The circadian clock is a complex set of molecular mechanisms that allow cells or organisms to anticipate diurnal variations in their environment. This is achieved by a set of proteins that regulate transcriptional-positive and -negative feedback loops within cells over a 24 h period. Recent research shows that the circadian clock in many cell types including adipocytes is altered by abnormal sleep-wake patterns. 13 Hence, sleep loss may contribute to metabolic dysfunction and obesity through a disruption of the adipocyte circadian clock.
It has been known for some time that the activity of key proteins that regulate the circadian clock depends on the nutrient status of the cell; 14 however, little is known about how energy intake and expenditure affect the circadian clock and alter sleep-wake patterns. Kohsaka et al. 15 were the first to show that consumption of a high-fat diet alters the function of the mammalian circadian clock. This study demonstrated a significant change in the circadian clock of a group of mice fed a diet that comprised 45% fat compared with those whose intake included only 16% fat in the absence of any change in weight. In humans, this would translate into altered sleep patterns and increased desire for food, which further contribute to the development of obesity. As short sleep duration may be a risk factor for the development of obesity, the potential adverse effects of dietary fat intake on sleep duration highlight the need for further research.
To date, the associations between fat intake and sleep have been observed only in mice; to our knowledge, there are no large-scale epidemiologic confirmations of this association between dietary fat intake and sleep duration in humans. As such, we report findings from the 2002 Chinese National Study in Nutrition and Health where self-reported sleep duration and dietary fat intake have been collected in a large population-based study of men and women.
Methods
In 2002, China launched a national study in nutrition and health. The data presented in this article are based on a subsample from Jiangsu province, one of the economically booming areas in China, with a population of 73.6 million. The rural sample was selected from six counties (Jiangyin, Taicang, Suining, Jurong, Sihong and Haimen). From each of the six counties, three towns were randomly selected. The urban sample was selected from two prefecture capital cities (Nanjing and Xuzhou). From each prefecture city, three streets were randomly selected. The six counties and two prefecture cities represented a geographically and economically diverse population. In each town/street, two villages/ neighbourhoods were further randomly selected. In each village/neighbourhood, 30 households were randomly selected. All members of the households were invited to take part in the study. Written consents were obtained from all the participants. In the study presented here, we analysed data only for adults aged 20 years and above. The response rate was 89.0%.
Measurement
Participants were interviewed in their homes by trained health workers using a pre-coded questionnaire. Interviews took approximately 2 h to complete and included questions on diet, sociodemographic information, medical history, cigarette smoking, physical activity and other lifestyle factors. Smoking was assessed by asking about the frequency of daily cigarette smoking. Drinking was assessed by asking about the frequency and amount of alcohol/wine intake. Income level was assessed by questions on family income and the number of persons in the household and categorized into three groups: 'low', less than 1999 Yuan per person; 'medium', 2000-4999 Yuan per person; and 'high', greater than 5000 Yuan per person. Education was recoded into three categories based on six educational levels in the questionnaire: 'low', illiteracy or primary school; 'medium', junior middle school; and 'high', high middle school or higher. Occupation was recoded into manual or non-manual based on a question with 12 occupational categories. Active commuting (walking or cycling to and from work) and leisure-time physical activity were both categorized into three groups: none, 1-30 min day À1 and more than 30 min day
À1
.
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Sleep was assessed by asking how many hours the participants slept every day. It was further recoded into three categories: 7-9 h day À1 , less than 7 h day À1 and equal to or more than 9 h day À1 . Dietary measurements: Dietary data were obtained by food weighing plus consecutive individual 3-day food records. Food consumption data were analysed using the Chinese Food Composition Table. 16
At the study site, health workers measured height, weight, blood pressure and waist circumference. Blood pressure was measured by mercury sphygmomanometre on the right upper arm of the subject who was seated for 5 min before the measurement. Blood pressure was measured twice and the mean of these two measurements was used in the analyses. Height was measured without shoes and weight was measured with light clothing. BMI was calculated as weight in kilograms divided by the square of the height in metres. Waist circumference was measured midway between the inferior margin of the last rib and the iliac crest in a horizontal plane.
All the participants were invited to take a fasting blood sample. The blood samples were analysed for plasma glucose in the local centres for disease control and prevention. A part of the blood specimens was processed at the examination centre and shipped to a central clinical laboratory in Beijing where the specimens were stored at À70 1C until laboratory assays could be performed. Plasma glucose was measured with a modified hexokinase enzymatic method. Concentrations of total cholesterol, high-density lipoprotein cholesterol and triglycerides were assessed enzymatically with commercially available reagents.
Statistical analyses
Analysis of variance was used to compare differences between continuous variables. Multiple linear regression was used to determine the association between nutrient intake and the duration of sleep adjusted for age, gender, income, education, residence, occupation, smoking and alcohol drinking. All the analyses were performed by using STATA 9 (Stata Corporation, College Station, TX, USA).
Results
In all, 2849 participants aged 20 years and above took part in the survey, of which 2828 had complete nutritional and sleep data. Overall, this group had a mean age of 47.0 years, of which 54.1% were women. Data on sleep duration were trichotomized into less than 7 h, 7-9 h and 9 or more hours per night. The characteristics of these three groups are presented in Table 1 .
Age-and gender-adjusted associations between sleep group and various dietary variables are shown in Table 2 . On this analysis, it appears that there is an association between sleep and fat and carbohydrate intake, but not protein or fasting blood glucose. It appears that those who sleep for 7 h or less consume the most fat and protein but the lowest carbohydrate, although this may be confounded by other baseline variables. Given that BMI was the only variable not significantly different between groups, this was dropped in creating the multiple regression models.
The adjusted multiple regression model is shown in Table 3 , with sleep as the predictor and percent fat intake Dietary fat and sleep duration in Chinese men and women Z Shi et al as the outcome, adjusted for all other baseline variables. As indicated, the group with less than 7 h sleep has significantly (P ¼ 0.005) more percent fat intake (1.5% per day) than the group with 7-9 h sleep. Interestingly, the model for percent carbohydrate intake ( Table 3 ) also indicates that those in the group with less than 7 h sleep have significantly (P ¼ 0.001) less carbohydrate intake (1.8% per day) than the group with 7-9 h sleep. Although there are slight differences in protein intake between the three groups (Table 3) , these are not significant (P ¼ 0.06). All the above analyses are adjusted for total energy intake, thus controlling for the variation in total calories eaten. In all models, other baseline variables play a significant role including gender, alcohol intake, income, manual job, education and residence (urban vs rural). The average R 2 for the models is around 0.16, indicating that around 16% of the variance in fat intake is explained by the full model; the greatest contributor to this is socioeconomic status, which explains approximately 5% of the variance. Given that the association between sleep and fat intake has been noted in both directions, that is sleep affecting fat intake and fat intake influencing sleep, we also explored fat intake as the predictor for sleep in the same multivariate model. The results (Table 4) indicate that the association holds in this direction as well, though the magnitude is lower and the results only reach borderline significance for the comparison between the lowest and highest quartiles of fat intake.
Discussion
Although much interest has focused on the association between sleep duration/quality and fat/carbohydrate intake, this has mainly been studied in mouse models and human studies using a small number of volunteers that have been sleep deprived under experimental conditions. To our knowledge, this is the first large-scale epidemiological data directly testing whether such associations may hold in humans under normal day-to-day conditions.
Research has focused on probing the association in both directions, that is some studies have found that sleep deprivation can affect dietary choice and cravings, whereas others have found that manipulating diet can alter circadian rhythm and sleep patterns. 15, 17 Given that this is a crosssectional study, we cannot make any inference about the direction of the effect. For those sleeping for less than 7 h, the increase in fat intake is modest but equivalent to approximately 1.8% of average daily intake. When the variables are reversed, those in the highest quartile of fat intake sleep for an average of 8 min less than those in the lowest quartile. Surprisingly, our results indicate a significant association between less hours of sleep and less carbohydrate intake, an effect opposite to what was expected from earlier work. This is puzzling and requires more work and replication in other cohorts, but may be due to the ethnicity and dietary patterns in this Asian cohort (compared with Western cohorts in other studies).
The data appear to indicate a dose-response relationship in that there is a trend between sleep hours and fat/ carbohydrate intake, although in a different direction, that is the less the sleep the more the fat intake, but the lower the carbohydrate intake. Other studies, however, for example those on mortality associated with sleep duration 18 and sleep duration and BMI, indicate a U-shaped curve. 5 This inconsistency may be due to fundamental differences in biology or to the limited range of sleep duration in our study; for example, the study by Kripke et al. 18 documented sleep Dietary fat and sleep duration in Chinese men and women Z Shi et al duration in 1 h increments between 3 and 10 h, whereas we collapsed categories for sample size considerations. It is interesting that this association between fat intake and sleep duration was seen in the absence of any effect on BMI. Unlike earlier studies, 4,5 BMI was not significant in either simple or multiple regression; although another measure of obesity, waist circumference, was significant in simple analysis, it dropped out in the multiple analysis. This may simply be due to the fact that the range of BMI in this Asian cohort was smaller than in most Western cohorts and hence power to detect this association was decreased. However, it does raise speculation that whatever the mechanism of the association between these variables, it may be independent of BMI. This epidemiological evidence for an association between sleep and fat/carbohydrate intake builds on basic science evidence. The mechanisms for such an effect have not clearly been delineated but possibilities include increased leptin; decreased ghrelin; creation of insulin resistance; 19 decreased melatonin; altered cortisol secretion; alteration in thalamic orexin/hypocretin; 20 alterations in growth hormone production. 21 The strengths of this study are the large sample size, and the simple and robust nature of the measures (sleep hours and weighed food records), and the extensive set of confounders measured. Data were gathered as part of a large-scale project and thus systematic bias in collection of variables between those who slept less and those who slept more is unlikely.
Limitations, however, include the cross-sectional nature of the data and the lack of more characterization of the variables of interest; for example, it would have been interesting to have a measure of sleep quality, not just duration, to compare results. In addition, logistic regression is limited in its ability to model cause and effect relationships when there are complex and interrelated variables, especially in a cross-sectional study. In such cases, more complicated models, such as log-linear models or directed acyclic graphs, may simulate the underlying biological pathways more faithfully. This, however, should probably be attempted in a prospective data set. With such complex phenomena and pathways, it is not surprising that the amount of variance explained by the models was modest. It is nevertheless encouraging that sleep was significantly associated in these simple models.
In summary, we find support in a large epidemiological data set for an association between sleep duration and fat/ carbohydrate intake. This build on results in animal models Dietary fat and sleep duration in Chinese men and women Z Shi et al and small-scale human studies that are starting to provide some understanding of the factors that may be driving the recent epidemic of obesity. However, the direction of the effect with carbohydrate intake was contrary to that expected, and these results warrant replication in other large epidemiological cohorts. Dietary fat and sleep duration in Chinese men and women Z Shi et al
